US005854539A
United States Patent [19] [11] Patent Number: 5,854,539
Pace et al. 451 Date of Patent: Dec. 29, 1998
[54] ELECTROLUMINESCENT LAMP DRIVER 4,443,741  4/1984 Tanaka et al. ........ccovvveinnnnnnne, 315/307
CIRCUIT WITH SIGNAL TRACKING 4,449,075 5/1984 D’Onofrio et al. .................. 315/169.3
4,527,096  7/1985 Kindlmann ......ccccvveeveeveennn.. 315/169.3
[75] Inventors: Ermanno Pace; Giorgio Mariani; j,,g?g?ggg gﬁggg giralta ettal.1 ......................... 3351/5;5;02
- - 912, 1 eglon et al. .....cceeevreenniennnnnn
Alessandro Fasan, all of Phoenix, Ariz. 4,937,505  6/1990 Deglon et al. ooovvvvevvveerr.. 315/307
(73] Assignee: StMicroelectronics, Inc., Carrollton, 5,349,269  9/1994 Kimball .......cooeivviieinnnnnin. 315/169.3
Tex. FOREIGN PATENT DOCUMENTS
21]  Appl. No.: 918,859 0372 181 6/1990 Furopean Pat. Off. ........ HOSB 33/08
ppl. No.:
- _ ! Primary Fxaminer—Don Wong
22| Filed: Aug. 26, 1997 Assistant Examiner—Wilson Lee
511 Int. Cl.° HO5B 39/09 Attorney, Agent, or Firm—David V. Carlso; Theodore E.
521 US. Cle oo 315/208; 315/DIG. 5;  Udlathay; Lisa K. Jorgenson
o 315/291; 315/307; 315/209 R; 315/258;  [57] ABSTRACT
315/186
(58] Field of Search 315/247. 209 R An electroluminescent lamp 1s driven by a driving circuit
315 /1693167307209T 206 268 291’ that can supply an approximately sinusoidal signal, a
R T 558 186 bi-directional sawtooth signal or a single-ended sawtooth
’ signal. Switches selectively transfer energy from a battery to
56] References Cited an 1nductor and then from the inductor to the lamp. In one
embodiment, the lamp voltage 1s compared to a reference
U.S. PATENT DOCUMENTS waveform, such as a sinusoid. The switches are activated
3.013.002 10/1975 Steigerwald et al 315/208 responsive to the error between the lamp voltage and refer-
4170747 10/1979 FOLMGS oo 315307  ence wavetorm to minimize the error. The lamp can thus be
4208.869  6/1980 HANAOKA w.oooooveorrerrorrerereererse 368/84  driven with a closer approximation of the reference wave-
4,210,848  7/1980 Suzuki et al. ...ccevvvrriiinnnnnnnnn, 315/169.3 form.
4,277,728  T/1981 SLEVENS .evverrevvrrvieeeeeireeevrvnnnne 315/307
4,412,155 10/1983 Isaka et al. ...ceovviniivineiinnnnnen. 315/246 20 Claims, 9 Drawing Sheets
40
44
48— —— 50
52 ¥ \j\ 54
. VEL J
S I S I
TN : /
| N ____ : i |
+ | $
50\ :
| |
o 66 l 68
gois Ay AN .

_  — — — — —_— —_— — —_— —

L —_ e =4

_— e — — — —a a=_ s s

— — — — — — — —_— s =

—_— e — — — — — — — . e — ———_— —_—— —_—-— —_— — —_— — —_—— — aam

0

Vee



5,854,539

Sheet 1 of 9

Dec. 29, 1998

U.S. Patent

ﬁ|..**|||l.-|l||IIIIIIIIIIII'I.II..I.II-"I.-Il||||||||||||||I|}IJ

D
P
/ e SR Y S R S -]
| Lo
~3 ~ | O0— ‘O H ¢ O%ar
— _ - ..._,.N..... ~
[ IR U - R S -~
| | _
_ | — ® _
0 L |
~+ _ | |
| |
L | |
L \I\V/f \.wv..ﬂf |
a o I X _
_ | O - _
B
o
o
|
i
|
|
|

I SIS DI S IS BN  CEETT PR STerere e e m—— —— — — — m— mm— tiimms =

CLOCK GENERATOR

45\4

CLKS

o0

7N
Vee

48

/1

SNVAN

F1e. 3



5,854,539

Sheet 2 of 9

Dec. 29, 1998

~t ~t <t ~+ ~t < <t
| | | v | W | v | v | w
'eb) Wb b b ®© @ Q
- - _ O | - | - - o O
- * _ v — — - w * . | | __ | :
- -1 o -3 i o ) ~3 -1 |F|F|FIF|JJ -1
| | o
| i | I
O O N T 1 S o IR N .
MY M | M) M) | N - | _ “ | Ny
| | | |
| —r— | o
BB | o L I A
* q _ j | | __
~ N | N — | N o
. : ——)- : — —)— . - —{— . —t—t—T—T— T~
) ~) _ ) | M) _ M) _ | _ _
||||||| o - e 4 S RN R R S
||||| —---t = F-T-F — —|— — 4 —+—+—+—
_ _ | —tT -t —1tT 1t — ——
| | | T R
. 00 N S L} @ B S SRS S T
| N | N | o~ | N [ R R
| | | I R
o . . I l_1_1__1__1_
_ | | T
| | _ I
~r ~r | ~ | ~ | ~r L ~r
o~ o~ T e B Y T T e CTTTTT T o~
| | | I N R
| | | N
—|—1— ——|— — ) — Tt T T 1=
| | | I T
- O-——1t+--+O- L lo-—-4-+t-lo--- —bb_i 1l p-F+O-_I
. . — . - . — —|— -4 —+—+—H - .
N T e — | N T N oo o~
m - .1 - — — — 71T T |||||||| ||*| - - — — — JaTl_ll—l'—ll — = L
| I I N . I S U I N U DU
| | | | o
| | | |
w I = T O [ |9 I R TR T R (A A A =
| | | I T |
| —— | | N Y i
RN T B T T T 710 T 71T
| | | | N S
| | o~ e | o~ | o o | ~
— == . — . —1-1— - — —|— - -t tt+—t+—-T-— L
il | A | A ; N _ N I N
B == __] o P SN S _ S IR T S /
|_H ||||| | |s._.|rl - - T |.m||| ||||| ”.”_H ||||||| I ||T||||_H| _rl //.
| | | N ¥
o0 | *®) _ o0 | o0 --AHV S L 0O
e . ) | | d ARSI TUNS RN IO I .
OO _ - _ - _ O OO | _ | -
| | | | | |
| | | -- | |
-t _ " _ i _ s I | _
N S N T o o T Toeo 1| o o~ o T
~d | ) | ~I | (9 i _ |
- o=l ol o=z b=l L b= L |
<’ It V- - - | S S
~Zrt 11— Zt- 1" =Zfrr == T i
-+ o=l . o~ L. =l ~1!1, | ~ 1
S S S L e T o = S =
=l ONOO OO OHOO OO OO LD S WO
— OO —_ OO — OO0 — OO —_ 0 NN —
® -
-



U.S. Patent Dec. 29, 1998 Sheet 3 of 9 5,854,539

44
g — 150
45/ \50
Voo

¥4

]
CLKZo— /gl %1(59 7;\75
||_1F/Zi\—'{74

A

o CLK6
\
D
D Q Vi /mo
V48 /702 [0~
e e
104 T VAN 108
OuT | | ] | -
Vi |(OMPARATOR A L y
- I '
I @ 112,
v v ;______V_ _____________ .

Fig. 5



U.S. Patent Dec. 29, 1998 Sheet 4 of 9 5,854,539
® vy @ 30
15.0 —|—
-
all
10.0 — Pa
r.-l
= /
=, B A
@ /]
— ] r‘
- /|
> B /
v
50 — 4 2
VSINE
/
0.0 1 T T ]
0.0u 50.0u 100.0u 150.0u
time [sec]

Fig. 6



5,854,539

~t
-t ~I ~I ~F ~3 ~3 | v
| v | \» | v | » } » | @ O
Q @ D b @ @® -
O - - - o - o~
e e o~ e N Ko e | -
| | o | ) ‘ | |
R L ]e0 IR S L] L% -__ L 1S9 N L
_ | e | _ p— p— | _ o — | _ p— | _ p— _ | _
| ] | o o L | S
| T L L o I
\ O o O . o b o o O —- O | | |
— ‘ - . o A B . — = - — - - - - ~{— 4 -+t
] b I AN I - b - | - b . | | |
&N L # | D | .‘ | |
L L o o | S | |
n_m B B I T s R I R U s A R T B ) R T A O ORI - S (S TR (O NN KN U S s S (O B D N
L — L — | — L ~— | — L — | | |
I'e S L | | | | | | |
- L I o | J | |
= o IBE o o o IBE _ o
b — - > - - - = e — = N - — - - N - e R e I
h | ~—_ _ 1} g4 xx=___ gy _ |} -4} —_ -} _ — = S
| o o o | o
2 | ) L | o L I
N = L1 o 1 <2 1@ Lo 1 [_L1_]1*
T — 7 — T — T — I — T —
. L S S B [ S e B
) o L | B o _ ‘V |
0O 1 eo ] oo T oo ™1 oo 1o _, .
- — - e o — . — = . - — — . BT . — = . ——S— e — =
oL - | O | O | O — - L O “ |
= —' | o o __ | o J_ ‘V |
&N | | | | | | | |
v T« I S | e e | T e e L e R A
- T Tes T T T To T - 7 - ) - | | |
) | | | T L | |
) | | | | o L | | |
| __ e _ i ~F f _ e _ | ~F ~t _ T ~t | | |
>} — = . ) R . — = . 4 - . - — = — = . — == . A -+ —+4—
& I I e S I I e - | | ‘V |
| | | | | | |
- ~— || mn...,_..., | ....I.uu..,. | \..m._....... | n./_xn...n..,.... i | -~ 1 | | |
X | N | N | o | ] d | | | |
= I TaE= T T T mr T T T Tea= M7 T T < T T \nmu/#! oy gl slingls gfiglion il
Vg o | S | 7z | T2 — ﬂPAWﬁ|4|,_r|tnU|! — — SR | i — = —— =
= —- < | = | = | = _L_ | s | _ | | —J | | |
el ——1 1 1 1 | i — | | | | ~— i | | |
V. F | _ﬂwv _ _ ﬁ“m”ut. | ! Dtv 1l i nwv _ _ n..w H | _ .n”.v.. } + T _ ﬂ“v- h= | P +
| AN = N " O A =" I = o
ONWOWDO™ 0N 0O CNCO OO O 0O OO coloN[Tola N OWOWOo WO VOTNON
—_——0 ——O0 ——— ) O ——0O ——C O ——O NN — | T QO o -
O OO OO OO
= > = > > > > - .1
) ) — e L) (g
~ e "l N N ~
1 1 1 1 1 1
- - - - D -

U.S. Patent

0.0 0.
tHktz

-0.06



5,854,539

Sheet 6 of 9

Dec. 29, 1998

U.S. Patent

+V(NC1,NC2)

> V(VSIN)

1.2 1.4 1.6e-3

1.0

0.8

0.6

0.4

0.2

1|
~
1
-
I T D T
[ ]

o t——

—_—

1 r ! 1 |

| ._ _ I

o)

I

R

|

_ “ | _ _

_ | | _ |

1 |

o

R

L]

T T T

_ | | _ _

R

S BT B

4 _ m | |

P )

—— 1 — 1t —F 1

N N T

T

B

R

B

I T T S N

B

B

B

o

o

L S A A
T
.
| | _ |
o

I R T

| | | _ |

~F—-a4—t+—F -
MY
=1 |
70 I I T T
Z oy or
= | 1

_ | _ ] ,

S
..ll.nUQUBJﬂ.EnU
—— OO OOCO

-

1.0

0.8

0.6

0.4

0.2

0.0

1111111

1.2

1.0

0.8

i W
‘a8
=
)
=
o S
-

iiiiiii

J !
1 [ |

— — — — — —

1.2 1.4 1.6e-3

1.0

0.8

0.6

0.4

0.2

0.0

Fig. 8



5,854,539
&Y
s
.

s = +—C TN _
- L ze 03/ 39 m Nu:/ _
3 . “ — _
7 . \/ 7 _
0— —( N T HEEAN . < T
o “_ | ||||||||l}IIIIEFIIIIIIIIIIIH ||||||||||||||||||||||||||||||||||||||||||||||| _ ) 1 O 07@O|_
W ) mﬁ/ ........ UA ..... QA |||||||||||||||||||||||||||||||||||||||| - M1 1041N02
3 ) L D e . - T
g om——( /\ | ; /\ 51 o R
- %f 9z! X ,# Ay _ _ a1y
| _ S osi _ b.
. | QA — um ﬁ - _ 2017
A1 m __ OA h N MW-II: ] . . l_.DO> ¢ m
S A A A S °8¥
951 bl H _ \ :

97

U.S. Patent



U.S. Patent

CLOCK
SOURCL

Dec. 29, 1998

Sheet 8 of 9

MEM1

COUNTER

ZMZ

CLOCK
SOURCL

»

r1g.

COUNTER

ZI-M

MEMORY

£

Z742’

2h‘»’(?

MEMORY

— |
P
P

rg.

MEM?2
{ ﬂ- } CLK2
MEM3
- | MEMS ] > CLK3
MEM4
- > CLk4
MEM5
- > CLKS
MEM® :EEFCLKG
Z 144
140
R .
PULUPo— o CLK5
PULOWo— o CLK
i
L U
MCLK ' *“OCLKZ
PULUPo—] o CLK4
PULOWo— o CLK6
Z245

5,854,539




U.S. Patent Dec. 29, 1998 Sheet 9 of 9 5,854,539

346
{1/152 ////f

PULSE
GEN 0
! —clk
CLOCK CONTERF——\] ROM
) I e —
8141 Z ) CLK3
147 S
—Clk4
2
) CLK5
) CLK6
ZMO Z7450

r1g. I<



5,854,539

1

ELECTROLUMINESCENT LAMP DRIVER
CIRCUIT WITH SIGNAL TRACKING

TECHNICAL FIELD

The present invention relates to electroluminescent
devices and, more particularly, to driver circuits for elec-
troluminescent devices.

BACKGROUND OF THE INVENTION

Electroluminescent devices are used in a variety of low
power applications. For example, many battery-operated
devices, such as wrist watches, utilize electroluminescent
illuminators to illuminate their displays. In such devices,
energy for activating the electroluminescent lamp typically
1s provided by a battery at a voltage range of 1-9 V.
However, for proper operation, electroluminescent lamps
operate at much higher voltages, on the order of 50-300 V.
Thus, typical battery output voltages are inadequate for
directly driving electroluminescent lamps.

Another limitation of battery sources 1s that batteries
supply DC voltages, while electroluminescent displays typi-
cally emit light responsive to AC voltages. To improve the
lifetime of the lamp and for acceptable performance, the
driving voltage for the electroluminescent lamp preferably
approximates a sine wave.

A variety of circuit structures have been suggested for
driving electroluminescent lamps using batteries as power
sources. For example, U.S. Pat. No. 5,349,269 to Kimball
employs two 1nverters that each supply high frequency
pulses to a lamp. To improve the efficiency of the lamp, each
of the inverters drives an opposite terminal of the lamp so
that the overall voltage change across the lamp 1s twice the
voltage of pulses from each of the inverters. Unfortunately,
the use of two 1nverters increases the cost and difficulty of
fabrication of the driving circuit, 1n part because each of the
Inverters requires a separate iductor.

In another approach described 1n U.S. Pat. No. 4,527,096
to Kindlmann, a single mductor 1s used to drive opposite
sides of an electroluminescent lamp through a switching
network. The inductor drives a first side of the electrolumi-
nescent lamp while the second side of the lamp 1s coupled
to ground. The inductor 1njects current to the first side of the
lamp thereby charging the lamp to high voltage. Then, the
lamp 1s discharged by coupling the first side to ground.

The switching network then couples the inductor to the
second side and the inductor charges the second side. The
second side 1s then grounded, once again discharging the
lamp. The resulting waveform across the electroluminescent
lamp 1s a sawtooth wave having positive and negative peaks.
The sawtooth waveform deviates substantially from the
preferred sinusoidal waveform and produces a rapid dis-
charge of the electroluminescent lamp at a relatively high
current. This rapid discharge can cause premature failure of
the lamp and typically does not provide optimum current
draw or efficiency.

SUMMARY OF THE INVENTION

An electroluminescent driver circuit includes a switching
circuit that has a first set of switches which selectively
couple an inductor between a supply voltage and reference
voltage 1n either of two directions. The voltages thus induce
current 1n either of two directions through the inductor,
thereby storing energy 1n the inductor.

A second set of switches then couple the inductor across
an electroluminescent lamp simultaneously with the first set
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2

of switches 1solating the inductor from the supply or refer-
ence voltage. When the inductor 1s 1solated from the supply
or reference voltage, the stored energy i1n the inductor
produces current flow 1nto the lamp, thereby incrementally
charging the lamp. Because the inductor current can be
induced 1n either of two directions, the driver circuit can
charge the lamp either positively or negatively.

In one embodiment, a comparator driven by a sinusoidal
signal produces clocking signals that control the lamps. The
comparator compares the lamp voltage to the sinusoidal
signal and adjusts the clocking signals in response. By
reducing errors between the lamp voltage and the sinusoidal
voltage, the comparator ensures that the lamp 1s driven by a
substantially sinusoidal voltage.

In this embodiment, the switches are configured such that
the inductor current can incrementally discharge the elec-
troluminescent lamp as well as incrementally charge the
lamp. The driving circuit can sequentially charge and dis-
charge the lamp to produce a substantially sinusoidal voltage
across the electroluminescent lamp.

In one embodiment, each end of the inductor 1s coupled
to a respective end of the electroluminescent lamp through
a respective unidirectional circuit formed from a parallel
combination of a diode and a switch. While a switch 1s open,
its respective diode allows the electroluminescent lamp to be
charged by current from the inductor during an interval
when energy 1s being stored 1n the inductor. The diode and
open swiich then block current flow out of the lamp to
prevent unintended discharging.

Selected switches can then be closed to allow the capaci-
tor to be discharged, either incrementally through the 1nduc-
tor as described above, directly to ground through one of the
switches 1n the first set or through the battery. Because the
clectroluminescent lamp can be quickly discharged to
oround or can be controllably discharged by pulses from the
inductor, the electroluminescent lamp can be driven with
cither a sawtooth type of waveform or with a substantially
sinusoidal waveform.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic of a driving circuit coupled to an
electroluminescent device, according to one embodiment of
the 1nvention.

FIG. 2 1s a signal timing diagram of various signals within
the driver circuit of FIG. 1.

FIG. 3 1s an equivalent circuit of the driving circuit of
FIG. 1 during charging of a first plate of the electrolumi-
nescent lamp.

FIG. 4 1s an equivalent circuit of the driving circuit of
FIG. 1 during charging of a second plate of the electrolu-
minescent lamp.

FIG. 5 1s a clock generator circuit for producing clock
signals to control the driving circuit of FIG. 1.

FIG. 6 1s a signal timing diagram showing the lamp
voltage tracking a reference sinusoidal voltage.

FIG. 7 1s a signal timing diagram of various signals within
the driver circuit of FIG. 1 for an alternative method of
driving the lamp with a sawtooth wave.

FIG. 8 1s a signal timing diagram of various signals within
the driver circuit of FIG. 1 where pulses are spaced
unevenly.

FIG. 9 1s a circuit schematic of a clock signal generating
circuit for use with the driver circuit of FIG. 1.

FIG. 10 1s a circuit schematic of a first alternative clock
signal source for use with the driver circuit of FIG. 1.
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FIG. 11 1s a circuit schematic of a second alternative clock
signal source for use with the driver circuit of FIG. 1.

FIG. 12 1s a circuit schematic of a third alternative clock
signal source for use with the driver circuit of FIG. 1.

DETAILED DESCRIPTION OF THE
INVENTION

As shown 1n FIG. 1, an electroluminescent display 40
includes a driver circuit 42 that drives a lamp 44 in response
to clock signals CLK1-CLK®6 from a clock generator 46.
The lamp 44 1s a convenftional electroluminescent lamp
formed from first and second plates, 48, 50, separated by an
electroluminescent material. As 1s known, electrolumines-
cent lamps are largely capacitive and the lamp 44 1s there-
fore represented 1n the schematic of FIG. 1 by a capacitor
symbol. The driver circuit 42 and clock generator 46 receive
power from a battery 38 that outputs a DC voltage V. on
the order of 1-9 V. The battery 38 1s preferably a commer-
cially available rechargeable battery.

The driver circuit 42 1s formed from a left leg 52 and a
right leg 54 linked by an inductor 56 and the lamp 44. Each
of the legs 52, 54 includes three electronic switches 60, 62,
64, 70, 72, and 74 that open and close responsive to
respective clock signals CLK1-CLK6 to provide driver
currents 1,5, I, to the first or second plate 48, 50, as will be
described in greater detail below. The switches 60, 62, 64,
70,72, and 74 are preferably formed from NMOS transistors
so that the switches 60, 62, 64, 70, 72, and 74 are OFF when
their respective clock signals CLK1-CLK6 are low.
Additionally, diodes 66, 68, 69, 71 arec coupled 1n parallel
with the switches 60, 62, 70, 72 to provide unidirectional
current paths between the inductor 56 and the respective
plates 48, 50 and before the inductor 56 and the battery 58.

Charging and discharging of the lamp 44 will now be
described with reference to the timing diagram of FIG. 2. In
the following discussion, it will be assumed for clarity of
presentation that each of the clock signals CLK1-CILK®6 has
transitions at regular intervals. As will be described below
with reference to FIGS. § and 6, the actual intervals between
fransitions will vary to allow the lamp voltage to more
closely approximate a sinusoid.

At time to the clock signals CLK1, CLK2, CLK®6 are low,
thereby turning OFF their respective switches 60, 62, 74.
Also, at time to the clock signals CLK3—CLKS transition
high, thereby turning ON their respective switches 70, 62,
64. As will be described below, the third and fifth clock
signals CLK3, CLKS do not remain continuously high.
Therefore, at time t,, the electroluminescent lamp 40 can be
modeled with the equivalent circuit of FIG. 3, and current
I, , begins to flow through the inductor 56 as shown 1n the
seventh graph of FIG. 2. Because the current I, , 1s flowing
from right to left, the current I, ; 1s shown as negative 1n this
interval.

As 1s known, the inductor 56 will store energy in response
to the inductor current I, ,, where the total energy stored in
the 1nductor will be:

E=%LIpg,

where I, 1s the peak of the inductor current I, , at time t,.

At time t,, the third and fifth clock signals CLLK3, CLKS
pulse low briefly, thereby opening the switches 64, 72 so that
the inductor 56 and lamp 44 are connected 1n an 1solated
loop. Because the current through an inductor will not
change 1nstantly, the inductor current I, ; continues the flow.
However, because there 1s no path between the inductor 56
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4

and the reference potential V.., the inductor current I, ; 1s
forced through the diode 66 as the left leg current I,.. The
left leg current I, charges the left plate 48, thereby increas-
ing the voltage of the left plate 48 incrementally as shown
in the eighth graph of FIG. 2.

As the mnductor current I, , flows 1nto the left plate 48,
energy stored 1n the inductor 56 1s transferred to the lamp 44
and the 1inductor current I, , falls until time t,. After time t,,
the 1inductor current I, ; does not become negatwe because
the diode 66 blocks the lett leg current I, from tlowing to
the 1nductor 56. The diode 66 thus prevents the left plate 48
from discharging and the increased voltage on the left plate
48 1s retained.

At time t,, the low-going pulses of the third and fifth clock

signals CLLK3, CLKS3 end and the switches 64, 72 once again
turn ON, thereby providing a path from the supply voltage
V - through the inductor 56 to the reference potential V.
The mductor current I, , begins to flow, thereby storing
energy 1n the inductor 56 once again. Between times t; and
t,, several pulses of the third and fifth clock signals CLK3
and CLKS arrive, each time increasing the lamp voltage
incrementally. Assuming all of the energy stored in the
inductor 56 1s transferred to the lamp 44 1n response to each
pulse, the change 1 voltage across the lamp 44 can be
determined by the relationship:

As shown 1n the lowermost graph of FIG. 2, the voltage on
the left plate 48 rises slightly 1n response to each of the
pulses until the voltage across the lamp 44 1s approximately
75 V at time t,.

At time t,, the pulses of the clock signals CLLK3, CLKS
terminate with the third clock signal CLLK3 remaining high
and the fifth clock signal CLKS3 remaining low. Therefore,
the switch 72 remains OFF and the switch 64 remains ON.
The lamp 44 remains charged because neither the diode 66
nor the switch 60 will pass current.

Rather than discharging the lamp 44 quickly, the driving,
circuit 42 incrementally discharges the left plate 48 to more
closely approximate a sine wave. To discharge the left plate
48 1n a controlled fashion, the first clock signal CLK1 1is
pulsed quickly to open and close the switch 60. Each time
the switch 60 closes, the voltage across the lamp 44 causes
current to flow through the switches 60, 70, inductor 56 and
diode 68. In response to each pulse of current, the voltage of
the left plate 48 decreases incrementally until time t..

At time t., when the voltage across the lamp 44 has
reached approximately O V, the first clock signal CLK1
remains high so that the switch 60 remains ON. The driving
circuit 40 can thus be represented by the equivalent circuit
of FIG. 4 after time t. and the driving, circuit 42 1is
coniligured to charge the right plate 50.

Advantageously, the diode 71 provides an alternative path
for current from the inductor 56 to charge the battery 58 as
will now be described. As described above, when the pulse
of the first clock signal CLK1 arrives at time t-, current flows
through the inductor 56, thereby storing energy in the
inductor 56. Shightly after time t., when pulse returns low,
the switch 60 opens, terminating the loop that included the
switch 60, the inductor 56, the diode 68 and the lamp 44. The
inductor current I,, conftinues to flow through the only
available current path which includes the diode 71, the
battery 58, and the switch 64. By forcing current to flow
through the battery 58 the inductor 56 transfers a portion of
its stored energy back into the battery 38, thereby recharging
the battery.

At time t-, a sequence of pulses of the second and sixth

clock signals CLK2, CLK6 begins. The pulsed signals
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CLK2, CLK6 turn the switches 62, 74 ON and OFF. In
response to each set of pulses, the right plate 50 1s charged
by a current 1., through the diode 68 in the same manner
described above with respect to FIG. 3, until the voltage
across the lamp 44 1s approximately —75 V at about time 5.
After time t., the sixth clock signal CLLK6 stays high holding,
ON the switch 74 and the second clock signal CLLK2 stays
low holding OFF the switch 62. Next, the fourth clock signal
CLK4 1s pulsed to incrementally discharge the right plate 50
in the same fashion described above, until the voltage across
the lamp 44 1s approximately O V. As can be seen from the
lowermost diagram of FIG. 2, the voltage across the lamp 44
varies between +75 V and =75 V 1n a very rough approxi-
mation of a sine wave. As above, responsive to each pulse
of the fourth clock signal CLLK4, a portion of the energy
from the lamp 44 1s stored in the inductor 56. The stored
energy 1s then transferred to the battery 38 through the diode
69 and switch 74.

FIG. 5 shows one embodiment of a control circuit 100 that
monitors the voltage across the lamp 44 and adjusts clocking
signals CLK1-CLK®6 so that the lamp voltage more closely
approximates a sine wave. The control circuit 100 includes
as 1ts central element a comparator 102 that receives a
reference simusoidal voltage V., from a conventional
reference source 104. The second input of the comparator
102 1s coupled to the left plate 48 so that the comparator 102
continuously compares the voltage V. of the left plate 48 to
the reference sinusoidal signal V... The comparator 102
has a high gain, on the order of 100, so that the comparator
output V., 1s high when the reference sinusoidal signal
V . 18 greater than the left plate voltage V4. Similarly, the
output of the comparator 102 1s low whenever the voltage of
the left plate V ,, 1s greater than the sinusoidal voltage V...
Thus, the comparator 102 outputs either a high or low
voltage 1ndicating whether the left plate voltage V, . 1s
oreater than or less than the sinusoidal voltage V¢

The output of the comparator drives a gating circuit 108
formed from a resistor divider 110 and a switch 112. At its
input, the switch 112 receives the supply voltage V,, at its
input and, at its control terminal, the switch 112 receives a
scaled version of the output voltage V,,, from the resistor
divider 110. When the comparator output V,,,- 18 high, the
switch 112 turns ON, thereby coupling the supply voltage
V.~ to a node 115. The node 115 thus receives the supply
voltage V..~ when the plate voltage V 4 1s less than the
sinusoidal signal V¢ .

The node 115 forms an input of a gating switch 114
controlled by the clock signal CLK3. The output of the
cgating switch 114 1s then coupled to ground through a pair
of resistors 116, 118. When the output of the comparator 102
1s high, the voltage at the output terminal 120 will mirror the
clock signal CLLK3. Thus, when the voltage of the left plate
V, 4 falls below the sinusoidal voltage V¢, v, the control
circuit 100 provides pulses substantially synchronized to the
third clock signal CLK3 that activate the first switch 64. As
described above, the pulses mnput to the first switch 64
incrementally charge the left plate 48, thereby increasing the
left plate voltage V.. As shown 1n the graph of FIG. 6, the
control circuit causes the voltage of the left plate to rise
incrementally while substantially tracking the sinusoidal
voltage V¢ nr

To track the sinusoidal voltage during discharging (i.c.,
between times t, and t. in FIG. 2), the mput to the control
switch 104 1s set high, the second, fifth and sixth clock
signals CLLK2, CLK®6 are set low, and the third and fourth
clock signals CLK3, CLLK4 are set high. The lamp 44 and

inductor 56 thus form a loop controlled by the switch 60.
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The fifth clock signal CLKS 1s set high to provide a
reference to ground through the switch 72 and the battery 58.

The switch 60 1s controlled by an 1verse of the output of
the comparator 102 rather than by the third clock signal
CLK3 of FIG. 2. As the sinusoidal signal V ¢, falls, the left
plate voltage V4 becomes greater than the sinusoidal signal
Ve The comparator output V., transitions low 1n
response and the mvert comparator output transitions high,
thereby turning ON the switch 60. The closed switch 60 lows
current to flow from the left plate 48 through the inductor 56
to the right plate 50, thereby lowering the lamp voltage V.,
and the voltage of the left platc 48. As the left plate 48
discharges, the left plate voltage V. falls below the sinu-
soidal signal, thereby causing the comparator output to
transition high. The inverted version of the comparator
output turns OFF the switch 60, ending discharge of the left
plate 48 until the sinusoidal signal V.~ once again falls
below the left plate voltage V.. The continuous adjustment
of the left plate voltage V,, allows the lamp voltage V., to
track the sinusoidal signal V. closely.

One skilled 1n the art will recognize that the left plate
voltage V., may be smoothed through conventional filtering
techniques and by selecting the appropriate inductance and
capacitance of the inductor 56 and lamp 44 to provide an
appropriate resonant frequency for the driving circuit 42.
Also, one skilled 1n the art will recognize that a substantially
identical control circuit to the control circuit 100 of FIG. 5
(with appropriately reversed polarities) can be used to
ensure that the negative portion of the lamp voltage V., 1s
also substantially sinusoidal. Also, through an appropriate
switching structure, the same control circuit 100 can be used
to drive the right plate 38 in the same fashion as the left plate
48. In such a structure, the right plate voltage V., would be
increasingly positive relative to the left plate voltage V 4 so
that the lamp V., voltage as described above would be
negative.

Although the driving circuit 42 can produce an approxi-
mate sinusoidal waveform for driving the lamp 44 when
driven by the circuitry of FIG. §, the driving circuit 42 can
also produce a sawtooth or alternating sawtooth waveform,
as will now be described with reference to the signal timing,
diagram of FIG. 7. As shown 1n the first through sixth graphs
of FIG. 7, the clock signals CLK1-CLK®6 for producing a
sawtooth waveform are 1dentical to those of FIG. 2 for the
period from t, to t;. Then, at time t,, the first clock signal
CLK1 and the third clock signal CLLK3 both transition high.
The switches 60, 64 arc thus both ON, forming a direct path
between the left plate 48 and ground. Consequently, the left
plate quickly discharges to ground, thereby reducing the
voltage across the lamp 44 to approximately 0 V.

At time t., the third clock signal CLK3 transitions low,
thereby turning OFF the switches 64, 70. Brietly thercafter,
at time t., the fourth clock signal CLLK4 transitions low, so
that the driving circuit 42 can be represented by the equiva-
lent circuit of FIG. 4 once again. The right plate 50 1s then
charged to approximately 75 V by pulsing the second and
sixth clock signals CLLK2, CLLK6 until the voltage equals 75
V at time t.. Then, at time t., the fourth and sixth clock
signals CLK4, CLLK6 both transition high, thereby providing
a direct path between the right plate 50 and ground. The
direct path quickly discharges the right plate 50 so that the
voltage across the lamp 44 once again returns to 0 V. The
overall waveform defined by the lamp voltage V., 1s thus a
bi-directional sawtooth wave.

One skilled i the art will recognize that, rather than
providing the input signal shown between times t, and t. 1n
FIG. 5, the signals between times t, and t; can merely be
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repeated to produce a single-ended sawtooth wave. Thus, the
driving circuit 42 of FIG. 1 can be used to produce an
approximately sinusoidal wave, a single-ended sawtooth
wave, or a double-ended sawtooth wave.

To further improve tracking of the sinusoidal signal V ¢/
(or any other desired waveform), pulses of the clocking
signal CLK1-CLK4 may be unevenly spaced as can be seen
in the timing diagrams of FIG. 8. One approach to producing
such signals 1s shown in the clock generating circuit 46 of
FIG. 9. As with the circuit of FIG. §, the sinusoidal signal
V. and the left plate voltage V. are imnput to the com-
parator 102 to produce the signal V.. However, 1n the
embodiment of FIG. 9, the gating circuit 108 1s replaced
with a clock circuit 107, formed from two separate legs 122,
124 and a logic control circuit 112. The upper leg 122
produces the third and fifth clocking signals CLLK3, CLKS,
while the lower leg 124 produces the first clocking signal
CLKI1. The legs 122, 124 both receive the output signal
Vo7 Irom the comparator 102 and a master clock CLK
from the logic control circuit 112. In addition, the upper leg
122 receives an up-enable signal PULUP and the lower leg
124 receives a down-enable signal PULDW from the logic
control circuit 112 to enable the fifth and first clock signals
CLKS, CLK1, respectively. The logic control circuit 112
may be of a conventional type such as an application speciiic
integrated circuit (ASIC).

Considering first the upper leg 122, when the up-enable
signal PULUP 1s low, a control AND gate 126 outputs a “0”
that drives an output AND gate 128. In response, the output
AND gate 128 outputs a low signal as the fifth clock signal
CLKS. Thus, when the up-enable signal PULUP 1s low, the
fifth clock signal CLKS is low, thereby holding the switch 72
(FIG. 2) is OFF. Similarly, when the down-enable signal
PULDW is low, the first clock signal CLK1 1s low as will be
described below, thereby turning OFF the switch 62 to block
current flow 1nto the left plate 48. When one of the up-enable
or down-enable signals PULUP, PULDW 1s high, the
respective leg 122, 124 1s enabled and the clock signals
CLK1 or CLKJ3, CLKS, are controlled by the relative
magnitude of the smusoidal signal V.- and the left plate
voltage V ..

Returning to the upper leg 122, if the sinusoidal signal
V. 18 higher than the left plate voltage V,., the output
signal V,,,~ will be high. The high output signal V- 1s
inverted by an inverter 130 so that an mput AND gate 132
receives a low signal at one input. The remaining input of the
AND gate 132 receives an inverted version of the up enable
signal PULUP from an inverter 133. The low input signals
force the output of the AND gate 132 low.

At the same time, an input AND gate 134 outputs a high
signal 1n response to the high inverted up-enable signal
PULUP and the high output signal V. The outputs of the
AND gates 132, 134 drive a latch 136 that outputs a high
signal to the control AND gate 126 1n response. Because the
up-enable signal PULUP drives the remaining input of the
control AND gate, the output of the control AND gate 126
1s high. The high output of the control AND gate 122 drives
one nput of an output OR gate 138 to set the third clock
signal CLK3 high. At the same time, the AND gate output
drives the output AND gate 128, thereby enabling the fifth
clock signal CLKS. The output AND gate 128 is driven by
an 1nverted version of the clock signal CLK so that the fifth
clock signal CLKS 1s an 1inverted version of the clock signal

CLK.

Thus as can be seen 1 FIG. 8, the first clock signal CLK1
1s low during the time that the left plate is being charged. As
also shown in FIG. 8, the third and fifth clock signals
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substantially follow the master clock signal CLK except
when the left plate voltage V. exceeds the sinusoidal signal
Ve As described above, the driving circuit 42 responds
to pulses of the first, third and fifth clock signal CLKI,
CLK3, CLKS by selectively charging the left plate 48. For
brevity, the description will not be repeated here.

The lower leg 124 operates 1in similar fashion to the upper

leg 122. When the down-enable signal PULDW 1s low, a pair
of mmput AND gates 142, 144 are enabled. The upper AND
cgate 142 thus outputs a “1” whenever the output signal V5,
1s low, while the lower AND gate 144 outputs a “1”
whenever the output signal V. 1s high. Consequently,
whenever the output signal V .+ 1s less than the left plate
voltage V ., a latch 148 outputs a high signal to a control
AND gate 150 that receives the down-enable signal
PULDW at 1ts second imput. The control AND gate 150 then
outputs a “1” to an output AND gate 152 that receives the
master clock CLK at its second input. The output of the
output AND gate 152 forms the first clock signal CLK1 in
response. Thus, the lower leg 124 activates the switch 60
whenever the master clock signal CLK 1s high, the down-
enable signal PULDW 1s high and the sinusoidal voltage
Vv 18 greater than the left plate voltage V.. As discussed
above, when the switch 60 1s ON, the left plate 1s discharged
through the inductor end switch 72 to ground. As noted
above, when the down-enable signal PULDW 1s low, the
outputs of the AND gates 150, 152 are both held low, so that
the first clock signal CLKI1 1s held low.

In another embodiment of the clock circuit 107 shown 1n
FIG. 10, the timing of the clock signals CLK1-CLKS 1is
determined by a set of look-up tables 1n respective nonvola-
file memory devices 140. The memory devices 140 are
commerclally available devices, such as conventional pro-
crammable read-only memories. In this embodiment, the
master clock signal CLK 1s supplied by a conventional clock
source 141 and drives a conventional counter 142. In
response, the counter 142 outputs an increasing or decreas-
ing binary count that 1s applied to the address 1nputs of each
of the memory devices 140. In response, the memory
devices 140 output data from their respective look-up tables.
The output data drive respective builfers 144 to produce the
clock signals CLK1-CLKS. The look-up table data and thus
the appropriate timing of the clock signals CLK1-CLKS 1s
determined empirically 1in this embodiment, although a
variety of other approaches to establishing timing of the
clock signals CLK1-CLKS3 can be used. Moreover, one
skilled 1n the art will recognize that implementation of such
timing based upon data 1n a look-up table can be realized in
a variety of circuits. For example, 1n an alternative approach,
the data may be clocked serially out of the shift register in
response to the master clock signal CLK.

FIG. 11 shows another embodiment of the invention
where the six memory devices 140 of FIG. 10 are replaced
with two memory devices 140 and two clock logic circuits
246. The clock logic circuits 246 may be realized with the
clock generating circuit of FIG. 9 or with a variety of other
circuit structures.

In the embodiment of FIG. 11, the clock source 140 and
counter 141 sequentially address locations in the memory
devices 140 as described above. In response, each of the
memory device 140 outputs a sequence of data that forms
the respective master clock signal CLK. The master clock
signal CLK, and the up and down enable signals PULUP,
PULDW drive the clock logic circuits 246 to produce the
clock signals CLK1-CLKS.

FIG. 12 shows another embodiment of a clock generating,
circuit 346. As with the above described embodiments, the
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clock generating circuit 346 1s driven by the sequentially
addresses locations 1n a 6xN nonvolatile memory device
140.

The memory device 140 1s a commercially available
device that outputs data on 6 or more data lines responsive
to counts from the counter 141. Like the 6 separate memory
devices 140 of FIG. 10, the single memory device of FIG.
12 outputs 6 separate data streams, each corresponding to

one of the clock signals CLK1-CLK6. Additionally, each set
of output data 1s gated by a respective AND gate 160 that is
driven by control pulses from a pulse generator 162. By
selectively enabling the respective AND gates, the control

pulses control overall operation of the clock generating
circuit 346 and synchronize the clock signals CLK1-CLK®6.

Although the invention has been described herein by way
of an exemplary embodiment, one skilled in the art will
recognize that variations may be without departing from the
spirit and scope of the invention. For example, the embodi-
ments of FIGS. 5 and 9-12 can track waveforms other than
sinusoidal or sawtooth. Accordingly, the invention 1s not

limited except by the appended claims.
We claim:

1. An electroluminescent driver circuit for driving an
clectroluminescent lamp having first and second driving

terminals, comprising;
a voltage source for providing a supply voltage relative to
a reference voltage;
an 1nductive circuit;

a signal source having a signal output terminal, the signal
source being operative to supply a reference signal at
the signal output terminal;

a switching circuit having a voltage terminal coupled to
the voltage source, a lamp terminal coupled to the first
driving terminal for coupling to the lamp and a current
supply terminal coupled to the inductive circuit, the

switching circuit further including a first input terminal
and responsive to a first clocking signal at the first input
terminal to apply the supply voltage to the inductive
circuit, the switching circuit further including a second
input terminal and being responsive to a second switch-
ing signal at the second mput terminal to couple the
inductive circuit to the lamp terminal; and

a comparator having a first comparator input coupled to
the first driving terminal and a second comparator input
coupled to the signal output terminal, the comparator
being responsive to provide the first clocking signal in
response to the driving terminal voltage being greater
than the reference voltage terminal.

2. The driver circuit of claim 1, wherein the reference

signal 1s a substantially simnusoidal signal.

3. The driver circuit of claim 1 wherein the switching
circuit further includes a third input terminal and the switch-
ing circuit 1s further responsive to a third clocking signal at
the third input terminal to provide a discharge path from the
second driving terminal to the reference voltage.

4. The driver circuit of claim 3, further wherein the
comparator 1s configured to provide the third clock signal in
response to the relative magnitudes of the reference voltage
terminal and the driving voltage terminal.

5. A high voltage source responsive to a set of clocking
signals and an 1nput supply voltage to produce a periodic
signal having a peak voltage greater than the supply voltage,
comprising:

a reference signal source operative to produce a target

signal;

an 1inductive circuit having first and second terminals and
being responsive to an mput voltage across the first and
second terminals to store energy;
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a first switching circuit coupled to the inductive circuit,
the first switching circuit having a first control terminal
and a first voltage terminal adapted to receive the
supply voltage, the first switching circuit being respon-
sive to a first of the clocking signals at the first control

terminal to apply the supply voltage between the first
and second terminals 1n a first direction;

a second switching circuit coupled to the inductive circuit,
the second switching circuit having a second control
terminal and a second voltage terminal adapted to
receive the supply voltage, the second switching circuit
being responsive to a second of the clocking signals at
the second control terminal to apply the supply voltage
across the first and second terminals in a second
direction opposite the first direction; and

a comparing circuit having a first comparator input
coupled to the reference signal source and a second
comparator input coupled to the first or second
terminal, the comparing circuit being responsive to the
relative magnitudes of the target signal and the voltage
of the first or second driving terminals to produce the
first or second clocking signals.

6. The high voltage source of claim 5, further including a
first unidirectional circuit element coupled between the first
driving terminal and the first terminal.

7. The high voltage source of claim 6, further including a
first bypass switch coupled 1n parallel with the first unidi-
rectional circuit element, the first bypass switch having a
first control terminal and being responsive to a respective
one of the clocking signals to provide a first conductive path
bypassing the first umdirectional circuit element.

8. The high voltage source of claim 7, wherein the
comparing circuit includes a first discharge output terminal
coupled to the first control terminal and wherein the com-
paring circuit 1s configured to activate the first bypass switch
in response to the magnitude of the voltage at the first
driving terminal exceeding the magnitude of the target
signal.

9. The high voltage source of claim 8, further including a
second unidirectional circuit element coupled between the
second driving terminal and the second terminal.

10. The high voltage source of claim 9, further including
a second bypass switch coupled 1n parallel with the second
unmidirectional circuit element, the second bypass switch
having a second control terminal and being responsive to a
respective one of the clocking signals to provide a second
conductive path bypassing the second unidirectional circuit
clement.

11. The high voltage source of claim 10, wherein the
comparing circuit includes a second discharge output termi-
nal coupled to the second control terminal and wherein the
comparing circuit 1s configured to activate the second bypass
switch 1n response to the magnitude of the voltage at the
second driving terminal exceeding the magnitude of the
target signal.

12. The high voltage source of claim 7, wherein the first
unidirectional circuit element 1s a first diode.

13. A method of driving an electroluminescent lamp with
a periodic lamp voltage, comprising the steps of:

providing a target signal corresponding to a desired lamp
voltage, the target signal having a period;

charging an inductive circuit during a first portion of the
target signal period;
comparing the lamp voltage to the target signal;

during the first portion of the target signal period, if the
magnitude of the lamp voltage 1s less than the magni-



5,854,539

11

tude of the target signal, transferring part of the stored
energy from the inductive circuit to the lamp; and

during the first portion of the target signal period, if the
magnitude of the lamp voltage 1s greater than the
magnitude of the target signal, blocking transfer of the
stored energy from the imnductive circuit to the lamp.

14. The method of claim 13, further comprising the steps
of:

during a second portion of the target signal period,
comparing the lamp voltage to the target signal;

during the second portion of the target signal period, if the
magnitude of the lamp voltage 1s greater than the
magnitude of the target signal, partially discharging the
lamp; and

if the magnitude of the lamp voltage i1s less than the
magnitude of the target signal, blocking discharging of
the lamp.

15. The method of claim 14, further comprising the steps
of:

charging the inductive circuit during a third portion of the
target signal period;

comparing the lamp voltage to the target signal during the
third portion of the target signal period;

during the third portion of the target signal period, if the
magnitude of the lamp voltage 1s less than the magni-
tude of the target signal, transferring part of the stored
energy from the inductive circuit to the lamp; and

during the third portion of the target signal period, if the
magnitude of the lamp voltage 1s greater than the
magnitude of the target signal, blocking transfer of the
stored energy from the inductive circuit to the lamp.
16. The method of claim 15, wherein the step of during
the first portion of the target signal period, if the magnitude
of the lamp voltage 1s less than the magnitude of the target
signal, transferring part of the stored energy from the
inductive circuit to the lamp includes charging the lamp 1n
a first direction and wherein the step of during the third
portion of the target signal period, if the magnitude of the
lamp voltage 1s less than the magnitude of the target signal,
transferring part of the stored energy from the inductive
circuit to the lamp includes charging the lamp 1n a second
direction opposite the first direction.
17. A method of driving an electroluminescent lamp with
a lamp voltage, comprising the steps of:

10

15

20

25

30

35

40

12

storing energy 1n a first circuit portion during a first
interval,

comparing the lamp voltage to a desired lamp voltage;

producing a first error signal in response to the magnitude
of the compared voltage being less than the magnitude
of the desired lamp voltage; and

transferring some of the stored energy from the first
circuit portion to the lamp in response to the first error
signal.

18. The method of claim 17, further comprising the steps
of:

during a second interval producing a second error signal
in response to the magnitude of the compared voltage
being greater than magnitude of the desired lamp
voltage; and

in response to the second error signal, partially discharg-

ing the lamp.

19. The method of claim 18, wherein the desired lamp
voltage 1s negative 1n third interval relative to the desired
lamp voltage 1n the first interval, further comprising the
steps of:

storing energy 1n the first circuit portion during the third
mterval,

comparing the lamp voltage to the desired lamp voltage;

during the third interval, producing a third error signal 1n
response to the magnitude of the compared voltage
being less than magnitude of the desired lamp voltage;
and

transterring some of the stored energy from the first
circuit portion to the lamp in response to the third error
signal.

20. The method of claim 19, further comprising the steps
of:

during a fourth interval following the third interval,
producing a fourth error signal in response to the
magnitude of the compared voltage being greater than
magnitude of the desired lamp voltage; and

in response to the fourth error signal, partially discharging,
the lamp.
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